The prediction of in vivo clearance from in vitro metabolism models such as liver microsomes is an established procedure in drug discovery. The potentials and limitations of this approach have been extensively evaluated in the pharmaceutical sector; however, this is not the case for the field of positron emission tomography (PET) radiotracer development. The application of PET radiotracers and classical drugs differs greatly with regard to the amount of substance administered. In typical PET imaging sessions, subnanomolar quantities of the radiotracer are injected, resulting in body concentrations that cannot be readily simulated in analytical assays. This raises concerns regarding the predictability of radiotracer clearance from in vitro data. We assessed the accuracy of clearance prediction for three prototypical PET radiotracers developed for imaging the A 1 adenosine receptor (A 1 AR). Using the half-life (t 1/2 ) approach and physiologically based scaling, in vivo clearance in the rat model was predicted from microsomal stability data. Actual clearance could be accurately predicted with an average fold error (AFE) of 0.78 and a root mean square error (RMSE) of 1.6. The observed slight underprediction (1.3-fold) is in accordance with the prediction accuracy reported for classical drugs. This result indicates that the prediction of radiotracer clearance is possible despite concentration differences of more than three orders of magnitude between in vitro and in vivo conditions. Consequently, in vitro metabolism models represent a valuable tool for PET radiotracer development.
Introduction
The application of PET as a tool for molecular neuroimaging is limited by the availability of suitable radiotracers. In radiotracer development, the in vivo performance of a novel compound is determined by numerous physicochemical and pharmacological factors, of which metabolism represents a particularly important one [1] . The metabolic lability of a candidate radiotracer may lead to a rapid decrease of radiotracer plasma concentration, resulting in insufficient brain exposure. This is particularly problematic if longer scan durations are required to properly image the molecular target. Additionally, excessive radiotracer metabolism increases the risk that brain-penetrant radiolabeled metabolites are generated in sufficient amounts to compromise the PET signal. However, metabolic degradation also supports the fast clearance of radioactivity from the blood pool which, on the one hand, improves the target-to-background ratio obtainable during the PET scan and thus the image contrast, and, on the other hand, allows for shorter scan duration [2, 3] . These aspects illustrate the importance of a precise adjustment of the metabolic properties of lead compounds during the radiotracer development process to produce promising imaging agents for in vivo application. Various in vitro techniques are available to evaluate the metabolic stability of novel compounds during the preclinical stage. The potential and limitations of these methods have been extensively evaluated in the field of drug discovery and development [4] [5] [6] [7] [8] ; however, with regard to the development of radiotracers, studies on the physiological relevance of in vitro metabolism models are rare. The in vivo application of PET radiotracers differs greatly from the application of classical drugs, especially in terms of the amount of substance administered. In a typical PET study, the average body concentration of a radiotracer is in the subnanomolar range. Detection of such low concentrations is usually not feasible with the classical analytical techniques employed in metabolic stability assays, especially if structure determination of metabolites is required in addition. Consequently, in vitro radiotracer metabolism studies typically involve substrate concentrations that do not reflect the in vivo scenario, which raises questions about the physiological relevance and predictive power of the generated data that go beyond the fundamental concerns on in vitro system performance arising from classical drug evaluation studies.
In this study, we compared preclinical in vitro and in vivo clearance data of three xanthine-based radioligands for the A 1 AR. Structural analogs of the methylxanthine caffeine are an important class of A 1 AR antagonists [9] which, when labeled with a positron-emitting radionuclide such as 11 C or 18 F, enable the in vivo visualization of the A 1 AR with PET. To date, the 18 Figure 1 ) [10, 11] , which was the first radiolabeled A 1 AR ligand used in human PET studies [12] , is still considered the gold standard for in vivo imaging of the A 1 AR. Numerous human and animal imaging studies have been successfully conducted using [ 18 F]CPFPX [13] [14] [15] [16] ; however, since this radiotracer undergoes rapid metabolic degradation [17, 18] , continuous efforts have been made to develop metabolically stable analogs that may provide higher image quality during PET scans [19] . Recognizing the C8-substituent at the xanthine core as a main target of metabolic enzymes [17] , the development process concentrated predominantly on the synthesis of C8-substituted analogs of [ 18 F]CPFPX. In the present preclinical study, the predictability of radiotracer in vivo clearance from microsomal stability data was evaluated using [ 18 Pharmaceuticals 2019, 12, x 2 of 12 molecular target. Additionally, excessive radiotracer metabolism increases the risk that brain-penetrant radiolabeled metabolites are generated in sufficient amounts to compromise the PET signal. However, metabolic degradation also supports the fast clearance of radioactivity from the blood pool which, on the one hand, improves the target-to-background ratio obtainable during the PET scan and thus the image contrast, and, on the other hand, allows for shorter scan duration [2, 3] . These aspects illustrate the importance of a precise adjustment of the metabolic properties of lead compounds during the radiotracer development process to produce promising imaging agents for in vivo application. Various in vitro techniques are available to evaluate the metabolic stability of novel compounds during the preclinical stage. The potential and limitations of these methods have been extensively evaluated in the field of drug discovery and development [4] [5] [6] [7] [8] ; however, with regard to the development of radiotracers, studies on the physiological relevance of in vitro metabolism models are rare. The in vivo application of PET radiotracers differs greatly from the application of classical drugs, especially in terms of the amount of substance administered. In a typical PET study, the average body concentration of a radiotracer is in the subnanomolar range. Detection of such low concentrations is usually not feasible with the classical analytical techniques employed in metabolic stability assays, especially if structure determination of metabolites is required in addition. Consequently, in vitro radiotracer metabolism studies typically involve substrate concentrations that do not reflect the in vivo scenario, which raises questions about the physiological relevance and predictive power of the generated data that go beyond the fundamental concerns on in vitro system performance arising from classical drug evaluation studies.
In this study, we compared preclinical in vitro and in vivo clearance data of three xanthine-based radioligands for the A1AR. Structural analogs of the methylxanthine caffeine are an important class of A1AR antagonists [9] which, when labeled with a positron-emitting radionuclide such as 11 C or 18 F, enable the in vivo visualization of the A1AR with PET. To date, the 18 Figure 1 ) [10, 11] , which was the first radiolabeled A1AR ligand used in human PET studies [12] , is still considered the gold standard for in vivo imaging of the A1AR. Numerous human and animal imaging studies have been successfully conducted using [ 18 F]CPFPX [13] [14] [15] [16] ; however, since this radiotracer undergoes rapid metabolic degradation [17, 18] , continuous efforts have been made to develop metabolically stable analogs that may provide higher image quality during PET scans [19] . Recognizing the C8-substituent at the xanthine core as a main target of metabolic enzymes [17] , the development process concentrated predominantly on the synthesis of C8-substituted analogs of [ 18 F]CPFPX. In the present preclinical study, the predictability of radiotracer in vivo clearance from microsomal stability data was evaluated using [ 18 
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Stability in Liver Microsomes
Depletion of CBX, MCBX and CPFPX was evaluated in rat liver microsomes (RLM) at a concentration of 8 µM. Time-courses of substrate disappearance exhibited monoexponential characteristics, as shown in Figure 2 for typical microsomal assays. In vitro t 1/2 and intrinsic clearance (CL int ) values derived from the monoexponential fits differed substantially between the three analogous compounds ( 
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Stability in Liver Microsomes
Depletion of CBX, MCBX and CPFPX was evaluated in rat liver microsomes (RLM) at a concentration of 8 µM. Time-courses of substrate disappearance exhibited monoexponential characteristics, as shown in Figure 2 for typical microsomal assays. In vitro t1/2 and intrinsic clearance (CLint) values derived from the monoexponential fits differed substantially between the three analogous compounds (Table 1) , with CBX being the most stable (t1/2 = 35.1 min) and CPFPX the least stable analog (t1/2 = 14.0 min). 
In Vivo Pharmacokinetic (PK) Studies
The PK profiles of 
The PK profiles of ranged from approximately 0.4-0.6 nM, resembling in vivo concentrations. All three compounds exhibited high plasma protein binding with resulting free fractions of less than 5% ( Figure 5 ). 
Prediction of In Vivo Clearance from In Vitro Data
The in vivo predicted plasma clearance (CLp) of CBX, MCBX and CPFPX were calculated from microsomal stability data according to Equations 2-4. Corrections were applied for microsomal and plasma protein binding. As can be seen from Table 2 , the actual in vivo CLp of the three compounds in rat were accurately predicted by calculated CLp values with an average fold error (AFE) of 0.78 (corresponding to an average fold underprediction of 1.3) and a root mean square error (RMSE) of 1.6. All predictions fell within 1-fold of the observed value. Underprediction was largest for CPFPX (fold error of 0.66) and smallest for CBX (fold error of 0.84).
Discussion
The prediction of in vivo metabolic stability from hepatic cellular and subcellular systems is an integral part of drug discovery. It is widely acknowledged that the reliability and accuracy of in vivo clearance predictions from hepatocyte or microsomal data can be affected by the in vitro assay concentration of the drug. Concentrations around or above the KM typically result in saturation of enzyme active sites and thus in enzyme kinetics that do not reflect the in vivo situation. In the field of radiotracer development, the discrepancy between standard assay concentrations (usually in the lower micromolar range) and in vivo radioligand concentrations (subnanomolar range) is particularly pronounced, which leads to further uncertainty regarding in vitro-in vivo extrapolation. In addition, the in vivo pharmacokinetics of tracer amounts of substance can deviate substantially from that of macro doses due to the existence of saturable enzyme and transporter systems as well as high affinity, low capacity binding sites [20, 21] . Although PK dose-linearity has been successfully demonstrated for various pharmaceutical compounds in microdosing studies [22] [23] [24] , the extremely high target affinities (usually nanomolar Kd) exhibited by radiotracers developed for molecular brain imaging could potentially lead to deviations in pharmacokinetics between tracer and macro doses as a result of the long retention of the substance in the brain compartment which in turn reduces its hepatic exposure.
The present study evaluates the quantitative prediction of in vivo clearance from microsomal stability data in the rat preclinical model. The examined xanthine A1AR ligands represent ideal model compounds for in vitro-in vivo extrapolation approaches. As small (MW < 400 Da), neutral compounds of medium lipophilicity (log P: 2.2-2.9), CBX, MCBX and CPFPX can be classified as 
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The in vivo predicted plasma clearance (CL p ) of CBX, MCBX and CPFPX were calculated from microsomal stability data according to Equations (2)-(4). Corrections were applied for microsomal and plasma protein binding. As can be seen from Table 2 , the actual in vivo CL p of the three compounds in rat were accurately predicted by calculated CL p values with an average fold error (AFE) of 0.78 (corresponding to an average fold underprediction of 1.3) and a root mean square error (RMSE) of 1.6. All predictions fell within 1-fold of the observed value. Underprediction was largest for CPFPX (fold error of 0.66) and smallest for CBX (fold error of 0.84).
Discussion
The prediction of in vivo metabolic stability from hepatic cellular and subcellular systems is an integral part of drug discovery. It is widely acknowledged that the reliability and accuracy of in vivo clearance predictions from hepatocyte or microsomal data can be affected by the in vitro assay concentration of the drug. Concentrations around or above the K M typically result in saturation of enzyme active sites and thus in enzyme kinetics that do not reflect the in vivo situation. In the field of radiotracer development, the discrepancy between standard assay concentrations (usually in the lower micromolar range) and in vivo radioligand concentrations (subnanomolar range) is particularly pronounced, which leads to further uncertainty regarding in vitro-in vivo extrapolation. In addition, the in vivo pharmacokinetics of tracer amounts of substance can deviate substantially from that of macro doses due to the existence of saturable enzyme and transporter systems as well as high affinity, low capacity binding sites [20, 21] . Although PK dose-linearity has been successfully demonstrated for various pharmaceutical compounds in microdosing studies [22] [23] [24] , the extremely high target affinities (usually nanomolar K d ) exhibited by radiotracers developed for molecular brain imaging could potentially lead to deviations in pharmacokinetics between tracer and macro doses as a result of the long retention of the substance in the brain compartment which in turn reduces its hepatic exposure. The present study evaluates the quantitative prediction of in vivo clearance from microsomal stability data in the rat preclinical model. The examined xanthine A 1 AR ligands represent ideal model compounds for in vitro-in vivo extrapolation approaches. As small (MW < 400 Da), neutral compounds of medium lipophilicity (log P: 2.2-2.9), CBX, MCBX and CPFPX can be classified as Class 2 drugs according to the extended clearance classification system (ECCS), for which metabolism is the predominant clearance mechanism [25] .
The results from in vivo PK studies showed that, following i.v. administration, the three radiotracers were rapidly distributed to extravascular tissues with volumes of distribution that resembled total body water (approximately 600-700 mL/kg in male rats [26, 27] ). This indicates that the compounds are mainly subjected to hepatic metabolism and that plasma clearance can thus be assumed to be equal to hepatic clearance. Although the detailed physiological description of radiotracer disposition in the body is beyond the scope of this study, the existence of three distinct kinetic phases suggests radiotracer distribution between three compartments. The xanthine-based radiotracers can be assumed to cross biological membranes readily, which is confirmed by their relatively high V d -values; therefore, radiotracer distribution between a central plasma compartment and two tissue compartments with individual transport and equilibration characteristics appears to be a reasonable explanatory hypothesis.
The aggregation of individual plasma data into a mean data set enabled a more precise and robust estimation of PK parameters from triexponantial fits, since the influence of inherent noise present in the data was substantially reduced. This became particularly evident when calculating V d and t 1/2,term , which are derived from only one microconstant (λ 3 ). The estimation of these parameters from fits of individual plasma curves repeatedly resulted in values which did not fall within physiologically reasonable ranges. The comparison between CL-values derived from mean curves and individual curves (deviation < 4%) clearly indicates that data aggregation is a valid approach in the context of this study.
Using the substrate depletion approach [28] and physiologically mechanistic scaling, in vivo clearance was predicted from in vitro stability data. The correlation between predicted and observed clearance was excellent for all three compounds, with only a slight underprediction of 1.3-fold. For comparison, a recent study which examined a large number of published datasets reporting in vitro CL int and actual in vivo CL of classical pharmaceutical compounds reported an average underprediction of drug in vivo CL in RLM of 2.3-fold [29] . Additionally, when taking plasma protein binding into account, the rank order of in vivo metabolic stability could be accurately predicted from microsomal stability assays. In RLM, the rank order of metabolic stability (expressed by t 1/2 ) was CBX > MCBX > CPFPX. When scaled to predicted CL p , the rank order changed to CBX < CPFPX < MCBX, with MCBX exhibiting higher clearance than CPFPX. This is in accordance with the actual in vivo observations, suggesting a substantial impact of plasma protein binding on the clearance of the model compounds. There is considerable controversy in literature on whether the extent of plasma protein binding correlates with clearance prediction accuracy. While several authors demonstrated a clear trend towards underprediction with highly bound drugs [30] [31] [32] , others reported a lack of correlation between free fraction and prediction bias [29, 33] or mixed effects depending on the physicochemical characteristics of the drug (acidic, basic or neutral) [28] . However, for the xanthine derivatives used in the present study, correction for plasma protein binding substantially improved the prediction of both clearance value and rank order. This can be explained by the specific physicochemical and pharmacological properties of these compounds. The combination of high plasma protein binding, moderate lipophilicity (which suggests medium membrane permeability) and relatively low intrinsic clearance (<Q) typically limits the hepatic extraction of a compound, which in turn affects its hepatic clearance [34] [35] [36] .
The PK profiles of the novel cyclobutyl-substituted A 1 AR ligands differed distinctively from that of [ 18 F]CPFPX. In the second and third phase of the curve (10-180 min p.i.), the plasma level of [ 18 F]CBX was approximately twice as high as that of [ 18 F]CPFPX, which corresponds to the considerably longer terminal half-life. In terms of imaging performance, this could potentially result in enhanced radiotracer delivery to the brain, since passive diffusion across the blood-brain barrier is driven by concentration. By contrast, [ 18 F]MCBX showed a faster decline in plasma concentration in the first and second phase of the curve (0-40 min p.i.) than [ 18 F]CPFPX. Although this could possibly lead to reduced brain exposure (depending on the extraction ratio of the radiotracer at the blood-brain barrier), reduced plasma radioactivity also diminishes background noise during the measurement, which improves the quality of the PET image. In view of these results, further evaluation studies should be conducted to assess the brain imaging performance of the novel A 1 AR radiotracers.
In conclusion, the present study underlines the value of in vitro metabolism models for radiotracer development. The data provide unequivocal evidence that accurate in vitro prediction of in vivo clearance is feasible despite concentration differences of more than three orders of magnitude between the in vitro and in vivo situation. This result encourages the implementation of in vitro stability studies as an integral part of the preclinical evaluation of novel PET radiotracers and suggests additional studies on the ability of human liver microsomes to a priori predict human radiotracer metabolism. Moreover, the novel cyclobutyl-substituted [ 18 
Materials and Methods
Compounds, Reagents and Solvents
CPFPX, CBX, MCBX, 8-cyclobutyl-3-(3-mesyloxypropyl)-7-pivaloyloxymethyl-1-propylxanthine (CBX precursor) and 3-(3-mesyloxypropyl)-8-(1-methylcyclobutyl)-7-pivaloyloxymethyl-1-propylxanthine (MCBX precursor) were synthesized and characterized in house as previously described [10, 37] . 8-Cyclopentyl-3-(3-tosyloxypropyl)-7-pivaloyloxymethyl-1-propylxanthine (CPFPX precursor) was purchased from ABX GmbH (Radeberg, Germany).
Reduced β-nicotinamide adenine dinucleotide 2 -phosphate (NADPH) was purchased from Roche Diagnostics (Mannheim, Germany). Magnesium chloride (MgCl 2 ), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), dimethyl sulfoxide (DMSO), acetic acid (HAc) and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich (Steinheim, Germany). Reagent-grade methanol (MeOH), acetonitrile (ACN), ethyl acetate and hexane were obtained from Merck (Darmstadt, Germany). For preparation of eluents and buffers, aqua ad iniectabilia (water for injection) from B. Braun Melsungen (Melsungen, Germany) was used. Isoflurane for anesthesia was purchased from CP-Pharma (Burgdorf, Germany).
Animals
All animal experiments were conducted in accordance with the German Animal Welfare Act and approved by the governmental authorities (AZ: 84-02.04.2014.A496). Male Sprague Dawley rats (mean body weight at testing: 503 ± 44 g) were obtained from Charles River Laboratories (Sulzfeld, Germany). They were housed two to three per cage under standard conditions (12-h light/12-h dark cycle, 22 • C) with access to food and water ad libitum.
Radiochemistry
[ 18 F]CPFPX was synthesized in house as described previously [10] . concentration, solvent) were evaluated and optimized in a preliminary study [37] . RLM (0.5 mg/mL microsomal protein) and substrate (8 µM CBX, MCBX or CPFPX, 1 mM stock solutions in DMSO) were preincubated for 5 min at 37 • C in HEPES buffer (100 mM, pH 7.4) containing MgCl 2 (3.3 mM). Reactions were initiated by addition of preheated NADPH (1.3 mM). Final incubation volume was 1 mL. Aliquots (100 µL) were withdrawn at 0, 2, 5, 10, 15 and 20 min and quenched with an equal volume of methanol/acetonitrile (50:50, v/v, cooled to −20 • C). The samples were mixed on a vortex mixer (1 min, 21 • C) and centrifuged (20,000 rcf, 10 min, 21 • C) to sediment precipitated protein.
The supernatants (aliquots of 50 µL) were analyzed on a Knauer smartline HPLC-UV/VIS system (Knauer, Berlin, Germany) equipped with a manual sample injector (Rheodyne type 7125), a 500 µL sample loop and a Kromasil 100-5-C18 (4.6 × 250 mm) analytical column (AkzoNobel, Bohus, Sweden). Chromatography was performed using a mobile phase composition of ACN/H 2 O/HAc 48:52:0.2 (v/v/v), and with a flow rate of 1 mL/min and a detection wavelength of 275 nm. Experiments were conducted in triplicate.
Data Analysis
Substrate depletion was calculated from the area ratios of the analyte peak, using the value at t = 0 min as 100%. Depletion data were fitted to the monoexponential decay model (Equation (1)) to derive in vitro t 1/2 .
where C 0 is the substrate concentration at time t = 0.
Intrinsic clearance was calculated from in vitro t 1/2 using the equation [38] : (2) where scaling factors of 60 mg of microsomal protein per gram of liver [39] and 40 g of liver tissue per kilogram of body weight [40] were applied.
The unbound fraction in microsomes was estimated using the following lipophilicity relationship algorithm [41] :
where P is the microsomal protein concentration. The blood/plasma concentration ratio was assumed to be equal to 1 for the neutral xanthine compounds. In vivo clearance in plasma was predicted using the well-stirred liver model [42, 43] :
where f p is the fraction unbound in plasma and Q is hepatic blood flow with a given value of 55 mL/min/kg for rat [40] . The individual prediction accuracy was assessed by calculation of fold error (ratio predicted/observed). AFE (Equation (5)) and RMSE (Equation (6)) were used as measures for overall bias and precision. Underprediction was also expressed as fold underprediction, which is the inverse of AFE. AFE = 10 1 n log predicted observed
with n, number of predictions. 
In Vivo Pharmacokinetics
Pharmacokinetic experiments on rats (n = 27) were conducted under isoflurane anesthesia (1.5-2% in oxygen) with continuous monitoring of physiological parameters. Polyethylene catheters (PE 50; filled with heparinized saline) were implanted into the femoral artery for arterial blood sampling and the lateral tail vein for radiotracer application. 
Pharmacokinetic Analysis
PK analysis was performed on decay and metabolite-corrected plasma radioactivity data of 8 ([ 18 F]CBX, [ 18 F]CPFPX) or 9 ([ 18 F]MCBX) individual animals. Data of 2 animals could not be used for PK analysis due to paravenous radiotracer injection. Since interindividual variations in plasma kinetics within the test groups were relatively small, individual plasma data were combined to mean data sets for analysis. Assuming a specific density of 1 g/mL for plasma, radioactivity concentration was calculated and plotted against time. For data visualization, plasma radioactivity concentration was normalized to body weight and amount of injected radioactivity, yielding SUV. PK parameters were derived from the radioactivity concentration-time data via nonlinear regression analysis applying a triexponential model: C p (t) = A 1 e −λ 1 t + A 2 e −λ 2 t + A 3 e −λ 3 t
where C p is the plasma radioactivity concentration, t is time, A 1 , A 2 , and A 3 represent the y-intercepts of the distribution/elimination phases of the plasma concentration-time curve and λ 1 , λ 2 , and λ 3 represent the first-order rate constants of the phases. Plasma clearance, volume of distribution and terminal half-life were calculated from the model parameters A and λ according to the following equations [44] :
t 1/2,term = ln 2 λ 3 (10) where D is the injected radioactivity and λ 3 is the terminal rate constant. To validate the results obtained from fitting mean data sets, CL p was also calculated from individual PK profiles.
Plasma Protein Binding
The binding of the radiotracer to plasma proteins was assessed via ultrafiltration, using Microcon-30 kDa centrifugal filter units (Merck Millipore, Darmstadt, Germany). Prior to radiotracer administration, blood plasma (200-300 µL) was sampled from the animal, spiked with 5-6 kBq of the radiotracer solution and incubated for 1 h at 37 • C. Subsequently, 100 µL of the spiked plasma was loaded onto the filter units which were then centrifuged for 20 min at 14,000 rcf and 37 • C. Radioactivity in equal volumes (50 µL) of spiked plasma and filtrate was measured in a γ-counter to calculate free fractions. Significant differences between plasma free fractions were assessed by one-way analysis of variance (ANOVA) followed by a post-hoc Tukey test. The significance level was set to 0.05. Normal distribution of the data and homogeneity of variances were assumed. 
